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Using Preisach Theory to Evaluate Chemical Remanent
Magnetization and Its Behavior During Thellier-Thellier-Coe
Paleointensity Experiments
Evelyn B. Baker! (2 and Adrian R. Muxworthy'*

'Department of Earth Science and Engineering, Imperial College London, London, UK, *Department of Earth Sciences,
University College London, London, UK

Abstract The behavior of grain-growth chemical remanent magnetizations (gCRM) are investigated

for different coercivity and magnetostatic-interaction-field distributions and acquisition conditions using a
thermally activated Preisach model for assemblages of interacting single-domain grains. A new growth-rate
dependent equation was derived, from which it was found that gCRM intensity is over 10% more sensitive to
growth rate than previously modeled. We compare the gCRM results to the behavior of thermoremanences
(TRM). gCRMs are two times more sensitive to changes in coercivity distribution, whereas TRMs are four
times more sensitive to changes in magnetostatic interactions. The Thellier-Thellier-Coe paleointensity protocol
was simulated in Preisach space, and gCRMs were found to produce concave-up Arai plots with pTRM checks
which plot to the left of the Arai plot and positive partial-TRM tail checks that increase with magnetostatic
interactions. This often leads to the failure of selection criteria, but high-temperature segments can pass the
criteria for weakly interacting gCRMs; these estimates can underestimate the field by up to 66%.

Plain Language Summary Rocks containing magnetic minerals usually magnetically record the
Earth's magnetic field during their formation acquiring a remanent magnetization. It is known that many rocks
record a thermoremanent magnetization during cooling from high temperatures, however, it is also common

for magnetic minerals to acquire magnetic remanence during the growth of magnetic minerals at ambient
temperatures (grain-growth chemical remanent magnetization, gCRM). It is important to have an understanding
of the magnetic remanence recording mechanism if we are to understand ancient magnetic recordings which
can hold information about the formation of our Solar System and the habitability of the Earth. Most previous
theoretical and experimental studies have focused on thermoremanence acquisition, and have ignored gCRM
acquisition theory. We have undertaken a theoretical investigation of gCRM acquisition, and find gCRMs
respond very differently to thermoremanences during simulated standard laboratory measurements. In particular,
we find that gCRMs cannot be used to determine ancient magnetic field intensities using conventional methods
based on thermoremanence acquisition, as they typically yield underestimates of up to 66%.

1. Introduction

Magnetic minerals within rocks, meteorites and sediments can record the ambient magnetic field during their
formation, acquiring remanent magnetizations. There are several recording mechanisms depending on the rock
type and mineral formation. For example, a thermoremanent magnetization (TRM) is acquired during cooling
from above the constituent minerals' Curie temperatures, and chemical remanent magnetizations (CRM) are
acquired if a mineral forms or alters below its Curie temperature. The recording mechanisms of these various
remamances differs. Whilst much attention has historically been given to TRM acquisition (e.g., Nagy et al., 2022;
Néel, 1949), CRM acquisition is less understood (e.g., Haigh, 1958; Shcherbakov et al., 1996).

CRMs are ubiquitous in nature, for example, magnetic minerals formed via authigenic precipitation in sedimen-
tary systems can acquire CRMs (Elmore et al., 2012), as can igneous rocks subject to high (Yamamoto, 2006)
or low temperature oxidation (Bleil & Petersen, 1983). CRMs are known to significantly contribute to paleo-
magnetic signals, often dominating the remanence (Haigh, 1958; Larson et al., 1982). CRMs have also been
frequently shown to be reliable recorders of paleo-directional information, however, determining ancient field
intensity (paleointensity) estimates from CRMs has not be achievable, nor is their contribution to TRM-based
paleointensity methods, for example, modified Thellier-type methods (Coe, 1967; Thellier & Thellier, 1959),
accurately understood nor quantified (Draeger et al., 2006; Gribov et al., 2017; Shcherbakov et al., 2017, 2021).
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CRM acquisition processes have been studied both experimentally (e.g., Gribov et al., 2017; Haigh, 1958;
Mcclelland & Goss, 1993; Pick & Tauxe, 1991; Stokking & Tauxe, 1987) and theoretically (e.g., Fabian, 2009;
Haigh, 1958; McClelland, 1996; Shcherbakov & Sycheva, 2019; Shcherbakov et al., 1996, 2021). Most models
have focused on grain-growth CRM (gCRM): a gCRM is acquired when magnetic minerals nucleate and grow in
the presence of a field. Other types of CRM are harder to model, for example, CRMs acquired during alteration
of magnetic phases (Heider & Dunlop, 1987), are complicated by interactions between the old and new magnetic
phases (Almeida et al., 2014; Ge et al., 2014).

Experiments focused on simple gCRMs have proven hard to study due to the difficulty in producing synthetic
samples. Despite this, room-temperature gCRMs have been found to reliably record ambient magnetic fields
and gCRM intensity is directly proportional to the applied field intensity for weak magnetic fields (e.g., Jiang
et al., 2015; Pick & Tauxe, 1991; Stokking & Tauxe, 1990). Although, experimental attempts to quantify the
contribution of gCRM to Arai plots used to interpret Thellier-type paleointensity data leave a lot of questions
unanswered, for example, synthetic hematite samples carrying gCRMs display variable Arai plot shapes, which
is attributed to hematite alteration during heating (Stokking & Tauxe, 1990).

The first theoretical framework for gCRM acquisition was by Haigh (1958) who suggested that gCRM acquistion
is a thermally activated process which can be modeled using Néel (1949) theory for non-interacting, magnetically
uniform (single domain, SD) grains, whose thermal relaxation time 7 is given by:

ﬂoHcM:U>

2kgT M

T = ’l‘oéXp(
where 7 !is the atomic attempt frequency, y, is the permeability of free space, v is the grain volume, M, is the
saturation magnetization, H, is the coercive force, k is the Boltzmann constant and 7'is the temperature. At small
volumes magnetic grains are superparamagnetic (SP), that is, they are thermally activated and do not retain a
magnetic remanence on the time scale of interest, for example, 60 s for a laboratory measurement. When a parti-
cle grows through its blocking volume (v,), the energy barriers to magnetic moment rotation increase and the
grain's magnetic moment becomes stable, that is, it is "blocked" and acquires a remanence.

McClelland (1996) used Néel (1949) theory to model gCRM acquisition and predicted that gCRMs have a lower
thermal stability than TRMs. This result was confirmed by Shcherbakov et al. (1996) using a Monte Carlo
model for interacting SD assemblages. In subsequent studies, Shcherbakov and co-workers (Shcherbakov &
Sycheva, 2019; Shcherbakov et al., 2017, 2021) simulated Thellier-type paleointensity methods and showed
that high-temperature gCRMs and thermochemical remanent magnetization (TCRMSs), produce concave-up Arai
plots; TCRMs were simulated by modeling elevated-temperature grain-growth followed by cooling.

There are inconsistencies between the experimental results and theoretical predictions. For example, experimen-
tal studies of CRMs (e.g., Pucher, 1969; Stokking & Tauxe, 1990) found lower CRM/TRM ratios than theoretical
studies predict (McClelland, 1996; Shcherbakov et al., 2017), and Arai plots for experimental CRMs display a
range of shapes, including the predicted "concave-up" trend (Gendler et al., 2005), but also linear (Stokking &
Tauxe, 1990).

In this theoretical study we present a new framework for gCRM acquisition based on a thermally activated
Preisach model for interacting SD particles (Preisach, 1935; Roshko & Viddal, 2004; Stancu & Spinu, 1998).
Preisach theory is a pictorial representation of magnetic systems, where the location of a particle on the Preisach
diagram determines its coercivity and interaction field (Bertotti, 1998; Néel, 1958). We derive an equation to
incorporate the growth rate into the gCRM acquisition. We examine gCRMs for a range of magnetic assemblages
of magnetite formed under different conditions, and make comparisons to TRMs using the Preisach TRM acqui-
sition model of Muxworthy and Heslop (2011). We also use our model to simulate the behavior of gCRM during
Thellier-type paleointensity determinations, and evaluate how gCRMs contributes to Arai plots.

2. Method

To model gCRM acquisition we adapted the TRM Preisach model developed by Muxworthy and Heslop (2011),
which uses a thermally activated Preisach model for magnetic assemblages composed of interacting SD grains.
In the model we assume that the SD particles are controlled by their shape anisotropy and can be described by
Stoner and Wohlfarth (1948) (SW) theory. Each particle is represented as a hysteron defined by the switching
fields H, and H;. The distribution of hysterons is termed a Preisach distribution p(h,, i) and is rotated 45° with
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Figure 1. Schematic of thermally activated Preisach diagrams with increasing time during grain-growth chemical remanent
magnetization acquisition in the presence of applied field &, between (a) and (d). In (a) the highlighted zones are: (1) the
positive field-blocked zone, (2) the negative field-blocked zone, (3) the superparamagnetic zone and (4) the remanence zone
(green). Over time as the volume increases, the Preisach distribution expands and the thermal critical curves contract and the
assemblage acquires a remanent magnetization as the Preisach distribution crosses the curves into the remanence zone. The
thermal critical curves shift onto the 4, axis when the field is removed, that is, from (c) to (d).

respect to the switching-field space (Figure 1) /4, is the coercivity and A, is the interaction field in Preisach space.
Preisach space for a thermally activated system of particles is split into four regions separated by the thermal
critical barriers (Figure 1a): (1) the positive field-blocked region, (2) the negative field-blocked region, (3) the
superparamagnetic region and (4) the remanence region (Stancu & Spinu, 1998). The location of the hysteron
determines if it carries a magnetic remanence or not. The positions of the thermal critical curves depend upon
a particle's properties, temperature and the applied field, and are unique for each particle. The critical barriers
rely on a fictional thermal fluctuation field H,, which is an approximation for the effect of thermal fluctuations in
terms of a field. For aligned particles, H, was defined by Wohlfarth (1984) as

kT
= H()Mxvacl (2)

where v, ,

for an SW particle during blocking, where H, is the anisotropy field, and H is the field the particle experiences

is the activation volume of the SW particle. v, is related to the actual volume by v, , = v[1 — H/H,]

act
(Gaunt, 1986; Lyberatos et al., 1994). For randomly orientated SW particles the thermal critical curves cannot be
found analytically, but Pfeiffer (1990) numerically found a simple analytical approximation, which is commonly
used (e.g., Muxworthy & Heslop, 2011; Stancu & Spinu, 1998).

2.1. Theoretical Framework for Modeling gCRM Acquisition

To simulate gCRM acquisition, we model how the thermal critical barriers and particle positions evolve with
time as the particles grow to their terminal volume. We start with a nucleation diameter for magnetite of
2 nm (Baumgartner et al., 2013). For particles greater than a few nanometers, M_ is independent of v (Penny
et al., 2019). This is much below the blocking volume of the minerals of interest, therefore we assume M to be
independent of v.

As the volumes increase the thermal critical curves contract (Figure 1), and the Preisach distribution expands
in the A, direction up to the width of the input Preisach distribution (p(h., h;),), to accommodate the increase
in magnetostatic interactions experienced by particles as they grow and block. We assume a linear increase
(Muxworthy & Dunlop, 2002; Muxworthy & Williams, 2005).

Initially the particles are in the SP region (Figure 1a). As the particles grow in an applied field, they cross into
the remanence region acquiring a remanent magnetization (Figures 1a—1c). The probability of an individual SW
particle being aligned with the field during blocking is given by (Néel, 1949)

yoM:UbH )

"ol 3

M., = vM; tanh(

where H is the net magnetic field, that is, H ~H (v,), and H_ is the applied field and H (v,) is the interaction field
at blocking in switching field space (H,, Hy) (Muxworthy & Heslop, 2011; Stancu & Spinu, 1998). After the
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particles have stopped growing, to determine the gCRM the external field is set to zero, centering the thermal
critical curves about i, = 0 (Figure 1d).

In the gCRM acquisition model the locations of the Preisach distribution and thermal critical barriers are found at
discrete time steps, whereas in nature grain growth is a continuous process. Therefore, to accommodate the growth
rate of the particles, we include an effective time tecf . dependent on growth rate; this is similar in approach to the
effective cooling and/or heating time used elsewhere (Borcia et al., 2002; Muxworthy & Heslop, 2011). Here we
derive tff . following the methods of Dodson and McClelland-Brown (1980) and Berndt and Muxworthy (2017)
who collectively examined both heating and cooling rates. To achieve this we solve a standard form of the master
equation for SW particles incorporating the Néel (1949) relaxation time equation, given by

dn

1 _
" = (Neq — n)T—Oexp< £ ) )

ksT

where n is the total number of SW particles, n,, is the equilibrium state and ¢ is the energy of a parti-
cle at a specific volume and temperature as a function of time . We use the assumption from Dodson and
McClelland-Brown (1980) that the energy balance term is zero at ¢ = 0 as the particles are initially all SP, and over
the blocking region the exponent and n, vary linearly with time. We also assume that the diameter growth rate is
linear with time, which is a common first-order approximation for crystal growth in the laboratory and in nature
(Baumgartner et al., 2013; Eberl et al., 2002). With these assumptions and using the formulations of Dodson and
McClelland-Brown (1980), we write

t
ksT 0 )

where 6 is the rate constant, the time taken for 7 to increase by a factor e, Euler's constant (Dodson &
McClelland-Brown, 1980). A lengthy derivation in the appendix of Dodson and McClelland-Brown (1980) (not
repeated here) gives an expression for the energy term at the blocking condition, that is,

e _u(?®
m—ll’l(ro) (6)

where 7 is the exponential of Euler's constant. Berndt and Muxworthy (2017) showed that the effective time for
cooling, teTff,
we first note that ¢ is dependent only on v(¢), and as anisotropy is controlled by shape anisotropy, £(v(£)) = uv(t)
H Ms/2. Next we differentiate Equation 5 with respect to time. We then apply the chain rule and express £(v(f)) in

is equivalent to y8,. over the blocking region, where 6, is the cooling rate constant. To derive sz -

terms of v, yielding de(v(?))/dv = &(v(£))/v. Introducing the constant y, Equation 5 now becomes

kgTv
522 = yoc %)
DE

where 6. is the growth rate constant, ¢ is the rate of volume change with time, that is, v = 4zr?F, where ris parti-

cle radius. Applying Equations 6 to 7, dividing both sides by 7,, and using tff = y6c (Berndt & Muxworthy, 2017)

we get
1€ €
1%
eff ln< Eff) — .7 8)
70 70 U7

Applying the Lambert W function, x = W(x)e"™, which to a first order approximates to W(x) ~ In(x) — In

(In(x)) + O(x) (Corless et al., 1996), gives the expression for tff s

c _yv vy
I"ff_j/ln<u'_10> (9)
In addition to the gCRM model developed here, we also use a TRM Preisach model (Muxworthy & Heslop, 2011),
albeit in a slightly modified form to be consistent with the gCRM model. There are two theoretical differences:
(a) we volume normalize the magnetization, and (b) we use the I:f ,as derived by Berndt and Muxworthy (2017).
Muxworthy and Heslop (2011) assumed all the particles had equal volume and used tETf " derived by Borcia

et al. (2002), which is one to two orders of magnitude greater than that of Berndt and Muxworthy (2017). The
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Figure 2. Four end-member Preisach distributions with varying Gaussian distributions in 4, and k. The distributions are normalized by the peak of each Preisach
distribution. (a) PN1: py : 10 mT, 5, 1 mT (b) PW1: gy, : 10 mT, 65, : 10 mT, (¢) PN2: yp, : 20 mT, ¢, : 1 mT and (d) PW2: p;, : 20 mT, o5, 10 mT. PN and PW
distributions have median interaction fields of 0.67 mT and 6.7 mT, equivalent to magnetite concentrations of 2.6% and 21% (Muxworthy & Williams, 2005).

combined effect increases intensities by ~15%, but the trends are the same. In addition, the TRM Preisach algo-
rithm is a new version of the code written in Python; the previous version was written in Fortran 95 (Muxworthy
& Heslop, 2011).

3. Modeling CRM Acquisition of Synthetic Distributions

We model gCRM acquisition for specific magnetic assemblages using synthetic Preisach distributions,
which are normally distributed in both %, and k. These can be easily replaced by experimentally measured
first-order-reversal-curve (FORC) distributions (e.g., Di Chiara et al., 2017; Muxworthy et al., 2011; Muxworthy
etal., 2017) because Preisach and FORC distributions are both plots of /_and h , but FORC diagrams are experi-
mentally derived and not usually symmetrical. The Preisach distributions are populated with a number of hyster-
ons, for example, 5 X 10°, each assigned a h. and h value, where h. = HC\/E (Muxworthy & Heslop, 2011).
During remanence acquisition, each hysteron has a statistical alignment with the applied field during blocking,
given by Equation 3. This statistical alignment essentially increases the number of modeled particles.

H, has been proven empirically to be o H, (x1/v,.,, Equation 2) (Barbier, 1954). It has been shown that v, is
identical to actual particle volume v for isolated “ideal” SD particles, by v = v, /[1 — H/H,] where H is the total
external fields (Gaunt, 1986). Using the empirical Barbier relationship allows us to directly populate the Preisach
model with a distribution of SW particles with associated volumes. We use H. o v;2%, determined by Muxworthy
et al. (2009) for basaltic rocks. We chose model parameters characteristic of magnetite: M, of 480 kA/m, a Curie
temperature of 578°C, and a Barbier coefficient of 0.68 (Dunlop & Ozdemir, 1997; Muxworthy et al., 2009). M,
is well-defined, and the model is insensitive to both the Curie temperature and the Barbier coefficient; gCRM/
saturating isothermal remanence (SIRM) varies by 1% for a 10°C change in Curie temperature and 2% for a 10%
change in the coefficient. Muxworthy et al. (2011) found a ~5% change in the TRM/SIRM ratio for a 10% change

in the Barbier coefficient.

3.1. Synthetic Preisach Distributions

To investigate how gCRMs vary with magnetic properties we consider four "end-member" Preisach distributions
(Figure 2). We vary the mean coercivity yj, and the level of magnetostatic interactions by changing the stand-
ard deviation ¢y, of the Gaussian distribution in the i  axis. In FORC analysis, the full-width at half maximum
(FWHM) is used to describe the spread of a distribution (Muxworthy & Dunlop, 2002); FWHM = 2.355¢ for
Gaussian distributions (Weisstein, 2009). We use a weakly interacting case as opposed to a non-interacting as
the Preisach model requires a finite width in A, this is also representative of FORC diagrams of natural samples
which have finite FWHM values (Roberts et al., 2000).

4. gCRM Intensity and Growth Rate

Key to modeling gCRM acquisition is growth rate. Rickard (2019) found pyrite framboids grew over 5 days
in nature and in hours in laboratory conditions, and Baumgartner et al. (2013) found timescales on the order
of hours for magnetite growth in laboratory conditions. Based on these observations, unless stated, we chose a
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016 N1 growth time of 172 hours, which is of the same order of magnitude as growth
PN2 times seen in nature and laboratory studies. This corresponds to a growth
014 PW1 rate of 10713 m s=!. It is possible that minerals can grow over longer times-
0.12 4 — PW2 cales and we have considered this when investigating the effect of
= growth rate on gCRMs. All the particles in the model have the same growth
3_':’ 0.10 1 rate, therefore, time zero is defined as when the largest particle nucleates;
= 0.08 smaller particles nucleate at later times. Shcherbakov et al. (2017) also used
5 a constant growth rate on the order of 1073 m s~! in their model which is
S 0.06 consistent with their experimental timescales.
0.04 In Figure 3 gCRM acquisition is calculated as a function of time for all four
0.02 Preisach distributions (Figure 2). Magnetizations are normalized by the SIRM
following previous studies (Jiang et al., 2015; Muxworthy & Heslop, 2011).
0.00 T T T T T T The errors in magnetization are <0.1% and not shown in Figure 4 or any
0 25 50 100 125 150 175 subsequent figures. gCRM acquisition curves are similar in shape for all Prei-
time (hr) sach distributions, only the final intensities and gCRM onset times differing

Figure 3. Acquisition of grain-growth chemical remanent magnetization
(gCRM) versus time during grain growth for all four Preisach distributions

(Figure 3). Initially during growth, there is no remanence as particles are
SP. When particles grow through their blocking volume and move into the

(Figure 2). Simulated gCRM intensity is normalized by simulated saturating remanence region (region 4 in Figure 1), a gCRM is acquired. The gCRM
isothermal remanence.

-1
gl;owth rate Lrg‘us )

continues to grow as particle size increases to their terminal volume. Shifting

the Preisach distribution to higher coercivities reduces the final intensities

by 54% between PN1 and PN2, and 43% between PW1 and PW2, because
higher coercivity particles cross into the remanence region and block at smaller volumes with a lower probability
of aligning with the field (Equation 3). The onset of gCRM acquisition is delayed for higher coercivity distri-
butions because the majority of particles are smaller and nucleate later. Our modeled gCRM acquisition curves
(Figure 3) are comparable to those predicted by previous Monte Carlo models of gCRM acquisition (Shcherbakov
et al., 2017), although Shcherbakov et al. (2017) found a decrease in acquisition rate at intermediate volumes due
to viscous magnetization effects. In a test for the linearity of gCRM intensity with applied field, it was found
to increase linearly up to 200 pT, in agreement with a linear increase up to 230 puT observed experimentally for
magnetite (Pick & Tauxe, 1991). Unless stated, we use a field intensity of 50 pT in the model.

We modeled gCRM acquisition for different growth times and found gCRM/SIRM intensity increases with growth
time for all Preisach distributions. When increasing growth times from 1,000 s to 30 kyr the gCRM/SIRM ratio
increased by: 87% for PN2, 81% for PW2, 80% for PN1 and 69% for PW1 (Figure 4). Over longer timescales,
particles have longer to equilibrate with the applied field, blocking at larger
volumes with a higher probability of aligning with the applied field. Block-

-18 -20

10 10 10 10 10 ing at larger volumes also leads to an increase in experienced magnetostatic
‘_‘_ PN2 ‘ ‘ ‘ ‘ interactions, which increases the number of field-blocked particles (regions 1
0.11 4 PW2 / and 2 in Figure 1) and reduces the proportion in the remanence region. This
reduces the rate of intensity increase with growth time for strongly interact-
0197 ing systems; this reduction is greater for P1 distributions because lower coer-
2 0.091 civity particles block at larger volumes. Using a model for non-interacting
%’ SD particles, a slightly lower intensity increase of 60% over the same time
5 0081 interval was calculated by McClelland (1996), compared to > 69% found in
@ 0.07 - this study. This difference is due to the different methods of incorporating
growth rate: this study uses an effective time, whilst McClelland (1996) uses
0.061 a single relaxation time.

0.051 : : : : : We compare gCRM recording ability versus TRM as a function of ¢, for a
10° 107 10’ 10° 10° fixed coercivity distribution (P2) and as a function of g, for a fixed interac-

1000 s 175hr  growth time (yr) 30 kyr ¢

Figure 4. Grain-growth chemical remanent magnetization (gCRM) intensity

tion distribution (PN) in Figure 5. Unless stated, we use a standard cooling/
heating time of 1 hr in TRM acquisition or simulated laboratory cooling/

versus growth rate for Preisach distributions PN2 and PW2. gCRM intensity heating.
normalized to SIRM. The standard growth time of 175 hr is highlighted by the

dashed line on the graph; this is the growth rate used in the majority of this

gCRMs are more sensitive to the coercivity distribution than TRMs

study. The growth times used in McClelland (1996) are also highlighted. The ~ (Figure 5a); the gCRM/SIRM ratio decreases 54% between PN1 and PN2

simulated field intensity was 50 pT.

compared to 24% for the TRM/SIRM ratio. Higher coercivity particles block
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Figure 5. (a) Grain-growth chemical remanent magnetization (gCRM)/saturating isothermal remanence (SIRM), thermoremanent magnetization (TRM)/SIRM
intensities and gCRM/TRM ratio versus mean coercivity py,, for Preisach distributions of type PN. PN1, PN2 and the y, = 60 mT used by McClelland (1996)
highlighted with black dashed lines. (b) gCRM/SIRM, TRM/SIRM intensities and gCRM/TRM ratio versus distribution width o, that is, varying levels of
magnetostatic interactions, for Preisach distributions of coercivity type P2. PN2 and PW2 distributions highlighted with black dashed lines. Magnetization normalized

to the SIRM.

at smaller volumes during gCRM acquisition and at higher temperatures during TRM acquisition. Both of these
effects decrease the intensity by reducing the probability of a particle aligning with the applied field during
blocking. TRMs are less sensitive to changes in coercivity distribution than gCRMs, because the decrease in
field alignment with increased temperature is partly canceled by the temperature dependence of M_ (Equation 3).

gCRM/SIRM and TRM/SIRM both decrease with increasing magnetostatic interactions (Figure 1b). gCRM/
SIRM decreases by 12% and TRM/SIRM by 47% between PN2 and PW2. A larger spread in the A, axis decreases
the percentage of the Preisach distribution within the remanence region, that is, region 4 in Figure 1, as more
particles are field-blocked, which decreases intensity. This follows expected behavior (Dunlop, 1969). Blocking
volumes during room-temperature gCRM acquisition are ~4% of those during TRM acquisition for the same input
Preisach distribution. As h o v, the level of interactions experienced during gCRM acquisition is significantly
less than during TRM acquisition, reducing the effect of interactions on gCRM intensity compared to TRM.
A decrease in gCRM intensity with increased interactions was also seen in Monte Carlo models (Shcherbakov
et al., 1996, 2017).

5. Simulated Thermal Demagnetization of gCRMs

We simulated thermal demagnetization of gCRM (initial state gCRM,) and TRM states (initial state TRM,) in
Preisach space (Figure 6). gCRMs unblock more rapidly upon heating than TRMs. Increasing coercivity shifts
the unblocking spectra for gCRM and TRM to higher temperatures as expected. Increasing interactions causes the
gCRM and TRM curves to diverge, that is, PN2 versus PW2 (Figure 6). In the TRM case, increasing interactions
pushes the unblocking spectra to slightly higher temperatures, because the particles which block and unblock
at lower temperatures experience the highest interactions and do not carry a remanence in the Preisach model.
The gCRM spectra shifts to lower temperatures with increased interactions because volumes and interactions
are smaller during gCRM acquisition than during thermal demagnetization, and particles unblocking at lower
temperatures carry a remanence. The impact of interactions on gCRM and TRM thermal demagnetization curves
is greater for the lower coercivity distributions, that is, PN1 and PW1 versus PN2 and PW2, where blocking/
unblocking temperatures are lower.

The lower thermal stability of gCRMs relative to TRMs is consistent with previous theoretical studies of
non-interacting and interacting assemblages (McClelland, 1996; Shcherbakov & Sycheva, 2019; Shcherbakov
et al., 1996, 2017, 2021). In contrast to this study, Shcherbakov et al. (1996) found increasing interactions
pushes both gCRM and TRM unblocking spectra to higher temperatures. In their model, Shcherbakov
et al. (1996) included dynamic magnetic interactions involving SP grains in addition to the magnetostatic
interactions used in this Preisach model. It is known that dynamic interactions between highly interact-
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Figure 6. Simulated thermal demagnetization spectra for both grain-growth chemical remanent magnetization (gCRMs)
(initial state gCRM,) and thermoremanent magnetization (TRMs) (initial state TRM,)) induced in the four end-member
Preisach distributions (Figure 2): (a) PN1, (b) PN2, (c) PW1 and (d) PW2. The remanent magnetizations are normalized to
gCRM, and TRM,,. The simulated field intensity was 50 uT, and the simulated heating time was 1 hr.

ing SP particles can lead to spin-glass states which increases unblocking temperature (Wohlfarth, 1979);
however, concentrations in natural systems tend to be low («10%) and the system is considered only weakly
interacting, which leads to the opposite relationship, that is, a slight decrease in blocking temperature with
interactions (Jonsson, 2003). It would appear therefore, that the highly interacting regime of Shcherbakov
et al. (1996) captured the response of a spin-glass system, which is not thought to be generally applicable to
rocks.

6. gCRM Behavior During the Thellier Paleointensity Protocol

We simulated the Thellier-Thellier-Coe paleointensity protocol (Coe, 1967; Thellier & Thellier, 1959), for
gCRMs and TRMs for the four end-member Preisach distributions (Figures 2 and 7); the latter for comparison.
We consider gCRMs acquired at a range of temperatures, and a simple model for TCRM: a gCRM acquired at
high temperature with cooling in the same field. Unless stated the simulated laboratory field was the same inten-
sity and direction as the simulated acquisition field.

6.1. gCRM Induced at Room Temperature

The simulated Arai plots for the gCRM are concave-up for all Preisach distributions (Figure 7). A large propor-
tion of the gCRM is lost at low temperatures during simulated heating because the majority of a gCRM is carried
by low coercivity particles, whereas the majority of the pTRM is carried by higher coercivity particles with
higher blocking temperatures. This effect increases the degree of curvature for lower coercivity distributions,
for example, PN2 to PN1 (Figure 7). Curvature increases between PN- and PW-type distributions because of the
opposing affect interactions have on the gCRM and TRM blocking spectra. This reduces the unblocking temper-
ature of the gCRM and increases the temperature pTRM is gained. The concave-up shape is in agreement with
previous models for gCRMs (McClelland, 1996; Shcherbakov & Sycheva, 2019; Shcherbakov et al., 2017, 2021).
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The gCRM Arai plots have two approximately linear regions at low and high temperatures (Figure 7); these are
commonly interpreted in paleointensity estimations (e.g., Tanaka & Yamamoto, 2016). We make paleointen-
sity estimates using these regions for the four Preisach distributions using the modified-TTB selection criteria
(Paterson et al., 2014), which is: (a) number of points in section (n > 5), (b) normalized standard error of the
slope (f# < 0.15), (c) fraction of remanent magnetization (f> 0.35), (d) maximum difference produced by a pTRM
check, normalized by the gCRM, or TRM,, (§(CK) < 9), (e) a measure of the cumulative alteration (5(pal) < 18),
and (f) maximum difference produced by a pTRM-tail check normalized by the gCRM,, or TRM,, (6(TR) < 20).
We also calculated the degree of curvature, defined as the inverse of the radius of the best fit circle of the selected
section (k’ < 0.27) (Paterson et al., 2014). The accepted fit with the maximum quality factor ¢ was chosen. Only
fits for the high-temperature sections of the weakly interacting Preisach distributions passed the criteria and
paleointensity estimates of 19 and 17 pT were made for PN1 and PN2 respectively.

The pTRM checks plot to the left, for the same reason the Arai plots are concave-up, that is, the gCRM is removed
at lower temperatures than the pTRM is gained, see Figures 7c and 7d for P1 and Figures 8d and 8g for P2. This
effect and the magnitude of pTRM checks are reduced at higher temperatures. The pTRM-tail checks are positive
due to the in-field unblocking and reblocking of positively magnetized particles during the pTRM step; this is due
to the shifting of the thermal critical barriers by +#, during in-field steps (Figure 1). These particles experience
the largest magnetostatic interactions during reheating and are aligned close to the applied field during simulated
PTRM acquisition, but not during gCRM acquisition where interactions are smaller. The magnitude of pTRM and
pTRM-tail checks are larger for strongly interacting distributions as the differences between gCRM and pTRM
intensities increase.

The high-temperature fits for the weakly interacting distributions PN1 and PN2 underestimate the inducing field
by 62% and 66% respectively. gCRM Arai plots calculated by McClelland (1996) for a higher coercivity (60 mT)
non-interacting system also found an approximately linear high-temperature section which underestimated the
inducing field by 60%. This result along with our two estimates suggests that paleointensity estimates from
high-temperature segments for weakly/non-interacting systems are independent of coercivity and typically under-
estimate the field by ~60%.

The simulated TRM Arai plots are more linear than the gCRM plots (Figures 7e and 7f). However, there is still
some concave-up curvature in the TRM Arai plots. This reflects the fact that pTRM gained at intermediate
temperature steps is less than the TRM lost. This is an artifact in the model due the use of discrete temperature
steps.

As expected, kK’ is larger for PW distributions than the PN distributions, but is below the critical value of 0.164
(Paterson, 2011). This low level of curvature is nonetheless significant, and can lead to differences in paleointen-
sity estimates of up to 5% for PN and 8% for PW distributions, depending on the temperature range used.

Increasing the growth time steepens the Arai plots across the whole temperature spectrum (Figures 9a and 9b) and
increases the paleointensity estimates. This steepening is less pronounced in the strongly interacting regime, for
example, PW2, because interactions moderate the effect of growth time on gCRM intensity (Figure 4). In their
model for non-interacting SD assemblages, McClelland (1996) found the same trends between growth time and
intensity as we found for PN2 (Figure 9a).

The simulated TRM Arai plots are less sensitive to cooling rate than gCRMs are to growth rate (Figure 9). The
TRM Arai plots for PN2 and PW2 display different responses to cooling time. In the PN2 case, increasing the
cooling time increases TRM,,, which reduces the pTRM/TRM, ratio. The opposite response is seen for the PW2
case, TRM,, decreases with increased cooling time.

For the weakly interacting distributions PN1 and PN2 (Figure 9¢), TRM intensities increase with cooling time
because particles have longer to equilibrate and block at lower temperatures with an increased probability of

Figure 7. Arai plots for: (a) grain-growth chemical remanent magnetization (¢CRM) induced in Preisach distributions PN1 and PW1, (b) gCRM induced in PN2

and PW2, (e) thermoremanent magnetization (TRM) induced in PN1 and PW1, and (f) TRM induced in PN2 and PW2. gCRM,, or TRM,, is the initial magnetization.
Accepted paleointensity estimates were made for the high-temperature (H) linear segments in the PN1 and PN2 gCRM Arai plots in (a) and (b). The paleointensity
estimates were made using Paleointensity.org using the modified TTB criteria, k’ and maximizing the g value. Least-square fits of the accepted segments are shown in
red. The errors on paleointensity estimates are below 10% and shown in Table 1. The gray line displays ideal TRM behavior according to non-interacting SD theory
(Néel, 1949). pTRM checks and pTRM-tail checks were calculated and are shown in (c) and (d) for P1 distributions and in Figure 8 for P2 distributions. Magnetizations
are normalized to the initial magnetization.
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Figure 8. Arai plots with partial thermoremanent magnetization (p’TRM) checks and pTRM-tail checks for TRM induced in PW2, and grain-growth chemical remanent
magnetization (gCRM) induced in PN2 and PW?2 (Figure 2) with varying angular difference between the TRM or gCRM acquisition field and the simulated laboratory
field: (a) TRM in PW2 at 0°, (b) TRM in PW2 at 90°, (c) TRM in PW2 at 180°, (d) gCRM in PN2 at 0°, (¢) gCRM in PN2 at 90° (f) gCRM in PN2 at 180°, (g) gCRM
in PW2 at 0°, (h) gCRM in PW2 at 90° and (i) gCRM in PW2 at 180°. Two features (F1 and F2) are highlighted in the TRM Arai plots in (b) and (c): F1 is a concave-
down curvature at low temperature in (b) and across all temperatures in (c) and F2 is concave-up curvature at high temperature in (b). The simulated field was 50 pT at
all times. The gray line represents ideal SD behavior.

field alignment (Dodson & McClelland-Brown, 1980). For the strongly interacting systems PW1 and PW2
(Figure 9d), the opposite trend is found. TRM intensities decrease with cooling time because particles blocking at
lower temperatures experience stronger interactions as h, varies with M|, which reduces the number of particles
in the remanence region (Muxworthy & Heslop, 2011).

In the literature, slow-cooled non-interacting SD assemblages are consistently found to overestimate paleo-
intensity, both theoretically (e.g., Dodson & McClelland-Brown, 1980; Halgedahl et al., 1980; Shcherbakov
et al., 2021) and experimentally (e.g., Ferk et al., 2014). Theoretical predictions predict a 5%-7% intensity
increase per order of magnitude increase in the cooling time (Dodson & McClelland-Brown, 1980; Halgedahl
et al., 1980; Shcherbakov et al., 2021), in agreement with experimental estimates of 4%—8% (Ferk et al., 2014).
We found an increase of only 4% for the weakly interacting case PN2 and 1% for PN1.
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Figure 9. Arai plots for grain-growth chemical remanent magnetization (CRMs) and thermoremanent magnetization
(TRMs) acquired over different growth/cooling times: (a) gCRM in PN2, (b) gCRM in PW2, (¢) TRM in PN2 and (d) TRM
in PW2. gCRM,, or TRM,, is the initial magnetization. Magnetizations are normalized by the initial magnetization. The

gray line is the TRM Arai plot for an ideal non-interacting SD system with an TRM acquisition time of 1 hr. The simulated
acquisition and laboratory field was 50 pT and in the same direction.

6.2. High-Temperature gCRM(T) and TCRM

We modeled high-temperature gCRM(T) and a simple case of TCRM acquisition. In the former, the gCRM was
acquired at high temperature, with simulated cooling in zero-field, and in the latter, cooling was in the same field
(Figure 10). This is the same approach as used by Shcherbakov et al. (2017).

Arai plots for both gCRM(7T) and TCRM:s (Figure 10) display little difference between the two acquisition mecha-
nisms except for the acquisition at 527°C. At lower temperatures, that is, <527°C, gCRM(T) and TCRM Arrai plots
are similar at each temperature because the majority of the magnetization is acquired during high-temperature
grain growth. A plateau arises in the gCRM(T) Arai plots in the 527°C case, because this is above the blocking
temperature of a significant proportion of the particles. These particles do not acquire a non-zero magnetiza-
tion during cooling in zero field, but they do acquire a pTRM during the lower temperature in-field steps with
no gCRM being removed, that is, this is in part an artifact of simulating zero-field cooling during simulated
gCRM(T) acquisition. In the TCRM model these particles only acquire a remanence on simulated cooling.

The linearity of the Arai plots increases with both gCRM(7) and TCRM acquisition temperature between 27°C
and 427°C; k’ decreases from 0.43 to 0.31 for PN2 and from 0.92 to 0.66 for PW?2. This is because particles block
at temperatures closer to that of a TRM. gCRM(7) and TCRM intensity increases with gCRM(T) acquisition
temperature, by 60% and 30% for PN2 and PW2 between 27°C and 427°C. Increasing gCRM(7) acquisition
temperature widens the thermal critical barriers for a given time and volume (Figure 1), leading to larger blocking
volumes and a relative increase in intensity. This effect is reduced for strongly interacting systems because inter-
actions increase with blocking volumes, which increases the proportion of field-blocked particles. This increase

BAKER AND MUXWORTHY

12 of 20

8508017 SUOWWIOD BAE8.D 3(edl|dde auy Aq peuA0h a2 S3[o1e YO ‘88N JO S|NJ J0j ARIq1T 3UIIUO AB]IAN UO (SUORIPUOD-PUR-SWUBILI0D" AB | 1M Ale.q 1 jBul [Uo//:Sy) SUOBIPUOD PUe SWie | 8U1 S *[202/70/TT] U0 AkiqiT aul|uo A|IM ‘UolreBpe- LeSSNY aLeIy00 Aq 8585209r2202/620T 0T/I0p/L0d A8 M Areiq1jeul|uo'sgndnfey/sdny wouy pepeojumoq ‘2 ‘€202 ‘95866912



Y Y ed N | . .
A\ Journal of Geophysical Research: Solid Earth 10.1029/2022JB025858
AND SPACE SCIENCE
(@) PN2 (b) PW2
1.0 < plateau gCRM temp(°C) 1.0 gCRM temp (°C)
\ —— 27 —— 27
084 227 0.8 4 227
s —e— 427 < —e— 427
5 —e— 527 [~ —e— 527
D 0.6 % 0.6
z Z
2 0.4 J, 0.4 1
0.2 02
00 T T T T OO T T T T T T
0.0 0.5 1.0 1.5 2.0 0.0 0.2 0.4 0.6 0.8 1.0 1.2
pTRM/gCRMq pTRM/gCRM,
(c) PN2 (d) PW2
1.0 gCRM temp (°C) 1.0 gCRM temp (°C)
—— 27 —— 27
0.8 227 0.8 227
=) —eo— 427 o —e— 427
z —— 527 |2
7 = —— 527
& 0.6 S 0.6
= =
= =
o o
0.4 1 0.4
S 5
0.2 02
OO T T T T 00 T T T T T T
0.0 0.5 1.0 1.5 2.0 0.0 0.2 0.4 0.6 0.8 1.0 1.2
pTRM/TCRMg pTRM/TCRM,
Figure 10. Arai plots for grain-growth chemical remanent magnetization (CRM)(7) and thermochemical remanent
magnetization (TCRMs) acquired at 27°C, 227°C, 427°C, and 527°C for: (a) gCRM(7) in PN2, (b) gCRM(T) in PW2, (c)
TCRM in PN2, and (d) TCRM in PW2. The gray line displays ideal thermoremanent magnetization (TRM) behavior. pTRM
checks and pTRM-tail checks were carried out and discussed in text. The plateau seen at 527°C labeled in (a). For the
427°C gCRMs, best fit lines have been added to the high temperature sections. Magnetizations are normalized by the initial
magnetization. The simulated acquisition field was 50 pT. The simulated laboratory field was the same intensity and in the
same direction as the simulated acquisition field.
Table 1

Accepted Paleointensity (PI) Estimates for the High-Temperature Segments of the PN1 and PN2 gCRM Arai Plots Shown in Figures 7a and 7b, the PN2 and PW2
High Temperature gCRM (§CRM(T)) Arai Plots for the 427°C Case Shown in Figures 10a and 10b and the PN1, PN2, PWI and PW2 TRM Arai Plots Shown in

Figures 7e and 7f

Arai plot PI (uT) Temp range (°C) n f p 6(CK) d(pal) 6(TR) q K’
gCRM PN1 19 + 0.1 540-570 11 0.43 0.007 2.3 1.7 10 55 —0.26
gCRM PN2 17 £0.1 550-576 13 0.60 0.005 1.9 1.4 9.8 100 0.047
gCRM(427°C) PN2 31+0.1 548-576 14 0.70 0.009 0.6 0.7 3.6 71 0.09
gCRM(427°C) PW2 31+0.1 552-576 11 0.67 0.024 4.7 3 10 23 0.23
TRM PN1 50+£0.1 427-564 22 1.0 0.003 2.1 9.6 270 0.041
TRM PN2 50+0.1 507-564 24 1.0 0.003 2.0 11 310 0.037
TRM PW1 50+0.3 477-564 27 1.0 0.005 2.5 8.5 0.1 190 0.074
TRM PW2 50+ 0.4 517-567 23 1.0 0.007 2.6 12 0.3 130 0.094

Note. The columns 3 to 11 are: temp range is the temperature range of the estimate, » is the number of points in section, fis the fraction of remanent magnetization, / is
the normalized standard error of the slope, 6(CK) is the maximum normalized difference produced by a pTRM check, §(pal) is a measure of the cumulative alteration,
8(TR) is the maximum normalized difference produced by a pTRM-tail check, g is the quality factor and K’ is the degree of curvature. PI estimates were picked and
accepted using the modified-TTB protocol and k’ parameter. The accepted estimate with the highest ¢ factor was used. The inducing field was 50 pT.
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in gCRM(7) intensity with acquisition temperature is in agreement with previous studies (Draeger et al., 2006;
Shcherbakov et al., 2017).

The gradients of the near-linear high-temperature segments of the gCRM(7) and TCRM Arai plots steepen
with acquisition temperature, and the statistics for the pTRM checks and pTRM-tail checks improve. These
high-temperature sections pass the modified-TTB selection criteria at 227°C, 427°C, and 527°C for PN2 and at
427°C and 527°C for PW2. Increasing acquisition temperature yields paleointensity estimates closer to the simu-
lated applied field, for example, for 427°C model PI estimates are 30 pT for PN2 and 30 pT for PW2 (Table 1),
compared to an expected value of 50 pT; underestimates of 38% and 40% respectively (Figure 10 and Table 1).
For the 27°C model, PN2 yields an underestimation of 64%. More segments pass selection criteria at higher
temperatures, increasing the risk of incorrect interpretations of incorrect PIs by misinterpreting gCRMs as TRMs.
Shcherbakov et al. (2017) found the high temperature portions of Arai plots for high-temperature gCRM(T)
grown at 400°C underestimated the applied field by ~60%—70% for the gCRM(T) case.

6.3. Influence of the Applied Field Angle on Arai Plots

We varied the field angle between the initial gCRM or TRM acquisition direction and the simulated laboratory
TRM (¢)). In the model, each particle is initially assigned a random easy-axis. The angle between the easy-axis
and the applied field is used to calculate the position of energy barriers during gCRM or TRM acquisition. When
the field angle is changed during simulated Thellier analysis, a new angle is calculated. Changing the field angle
introduces curvature in the TRM Arai plots, shown for PW2 in Figures 8a-8c. Increasing ¢, from 0° to 90°
produces concave-down curvature at low temperatures, feature 1 (F1) in Figure 8b, and concave-up curvature at
high temperatures, feature 2 (F2) in Figure 8b. Further increasing ¢, to 180° produces concave-down curvature
(F1) across the whole temperature range (Figure 8c). PTRM checks plot at lower values and pTRM-tails become
negative with increasing ¢, To a lesser extent the same trends are found for the PN2 Preisach distribution.

F1 in Figure 8 arises because pTRM gained is larger than TRM removed. During the in-field pTRM acquisi-
tion step, the field-bias in the simulated laboratory field direction unblocks and remagnetizes a portion of posi-
tively magnetized particles in the simulated laboratory field direction which do not unblock during the zero-field
step. This is because the thermal critical barriers are shifted by +#, in the 4 -axis (Figure 1) for the in-field pTRM
acquisition step. This effect increases with interactions and at relatively steeper field angles.

F2 in Figure 8 is caused by the angular dependency of the thermal critical barriers. For particles with the same
properties, for example, 4, and h, the energy barriers are at a minimum when the angle between the uniaxial
easy-axis and field-axis is 0° and 90° and at a maximum at 45° (equation 11 in Muxworthy & Heslop, 2011).
Therefore, particles with easy-axes close to 0° and 90° away from the laboratory field will unblock and re-block
first at lower temperatures. Due to the distribution of angles about an axis on a sphere, more particles will
unblock with angles close to 90° than 0°. These 90° particles are not closely aligned to the simulated laboratory
field direction, which reduces the pTRM gained compared to the original TRM lost because they will not be 90°
away from the original field direction. In the 180° case, the F1 feature occurs throughout the temperature range
because the angle between the easy-axis and field direction is the same during TRM and pTRM acquisition, and
the mechanism that causes F2 has no impact.

PTRM checks plot at lower values than the original pTRM, because the field-bias responsible for F1 is not present
during the pTRM check as the particles responsible for F1 are demagnetized at higher temperatures. PTRM-tail
checks are negative because the particles responsible for F1 which are remagnetized in the simulated laboratory
field direction, are not unblocked during the repeated zero-field heating step. This reduces the magnetization at
the second zero-field heating step. The pTRM-tail checks are greatest when the angular difference is at 180°.

The influence of ¢, on the TRM Arai plot is lower for the PN2 distribution compared to the PW2 distribution,
and the PI estimates for PN2 pass the TTB criteria regardless of ¢, (Figure 8). In contrast the PW2 distribution
fails the TTB selection criteria at 90° or 180° for PW2. This highlights the importance of minimizing the angular
difference between natural remanent magnetization (NRM) and laboratory field directions during paleointensity
determination (e.g., Kono, 1974; Yu et al., 2004).

Shcherbakov et al. (2021) previously showed that pTRM gained exceeds the TRM lost at 180° for an individ-
ual temperature step in a Thellier-Thellier-Coe-type protocol. In their study they analytically solved the master
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equation for non-interacting single-coercivity SD particles. However, when they determined Arai plots for the 90°
case, they did not observe the F1 and F2 structure that we did (Figure 8b). This is because they did not consider
a distribution of easy axis orientations, as is done in this study. Shcherbakov et al. (2021) only considered distri-
butions of aligned particles. It is the distribution of orientations that gives rise to the behavior seen in Figure 8b.

The effect of varying ¢, on the gCRM Arai plots is shown in Figures 8d-8f for the PN2 distribution and
Figures 8g—8i for PW2. The gCRM Arai-plot behavior are the result of F1 and F2 being superimposed on the
already concave-up gCRM Arai plots. For example, increasing ¢, to 90° increases the concave-up curvature, and
further increasing ¢, to 180° decreases the concave-up curvature. Increasing ¢, also causes the pTRM-tail checks
to become negative as seen in the TRM Arai plots.

7. Discussion

Our Preisach model has shown that gCRM behavior including gCRM intensity is strongly dependent on coer-
civity distribution, the mean magnetostatic interaction field distribution of a sample, and acquisition conditions,
for example, temperature and growth rate (Figures 4, 5 and 10). Increasing the coercivity distribution decreases
2¢CRM intensity, as does increasing magnetostatic interactions (Figure 5). Increasing the growth time or tempera-
ture during gCRM acquisition increases gCRM intensity. Models of gCRM behavior during Thellier-Thellier-Coe
protocol simulation found the gCRM Arai plots are often dominated by concave-up curvature (Figures 7-10).
This concave-up curvature is less pronounced for weakly magnetostatically interacting distributions. Arai plots
for gCRMs can still pass standard selection criteria, that is, the modified-TTB criteria of Paterson et al. (2014),
though the paleointensity estimates are usually too low (Table 1). Now we will discuss each of the mechanisms
that control gCRM intensity, and the implications of our model for paleointensity determination. We will also
make some remarks on the angular dependence of TRM.

7.1. Mechanisms Controlling gCRM Intensity

Varying the coercivity distribution and gCRM acquisition conditions influence particle blocking volumes.
Increasing the blocking volume of a particle increases the probability of its magnetization being aligned with
the applied field, this increases gCRM intensity. Higher coercivity particles block at smaller volumes, therefore
higher coercivity Preisach distributions, for example, P2 versus P1, have lower gCRM intensities (Figure 5a).
Decreasing the growth rate during gCRM acquisition increases the time available for particles to equilibrate
with the applied field, so particles block later during growth at larger volumes. Increasing gCRM acquisition
temperature also increases blocking volumes by expanding the thermal critical curves for each time and volume
step. Both these effects increase gCRM intensity (Figures 4 and 10). Conversely, increasing magnetostatic inter-
actions increases the number of field-blocked particles and reduces the number of particles in the remanence
region, which decreases gCRM intensity (Figure 5b).

In contrast to gCRM, TRM intensity is controlled by blocking temperature. Increasing a particles blocking temper-
ature reduces the probability of alignment between a particles magnetization and the applied field, decreasing
TRM intensity. This decrease in field alignment and TRM intensity is moderated by the temperature dependence
of M_ (Equation 3). This results in TRMs being less sensitive than gCRMs to both sample behavior, for example,
coercivity distribution, and blocking environment, for example, acquisition rate (Figures 5a and 9). However,
TRMs are more sensitive to variations in magnetostatic interactions than gCRMs because the particles are fully
grown during TRM acquisition and %, « v. Thus the gCRM/TRM ratio increases with increasing magnetostatic
interactions (Figure 5b).

Our Preisach model displays the same major trends in gCRM intensity as in previously published models based on
theoretical studies of non- and interacting SD systems (e.g., McClelland, 1996; Shcherbakov et al., 1996, 2017).
We found gCRM intensity increases with growth time in agreement with calculations for non-interacting
systems by McClelland (1996) and with acquisition temperature for non- and interacting systems (Shcherbakov
et al., 2017). Furthermore, our modeled reduction in gCRM intensity with increasing interactions is consistent
with calculations by Shcherbakov et al. (2017). However, there are differences between our model and previous
models: the specific gCRM intensities and gCRM/TRM ratios differ, primarily, because our model incorporates
growth rate and interactions differently. Our model incorporates growth rate using a derived effective relaxa-
tion time (Equation 9) which evolves with time and volume during gCRM acquisition; previous models used a
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constant relaxation time (McClelland, 1996; Shcherbakov et al., 2017). The use of Equation 9 for the effective
time, increases the sensitivity of gCRM intensity with respect to growth rate by ~10% compared to previous
models (McClelland, 1996).

It is important to determine how our modeled intensities compare to experimental data. Despite numerous exper-
imental studies of gCRMs in various magnetic minerals at a range of temperatures (e.g., Hoye & Evans, 1975;
Jiang et al., 2015; Nguyen & Pechersky, 1987; Pick & Tauxe, 1991; Stokking & Tauxe, 1990; Ozdemir &
Dunlop, 1993), the studies which can be directly compared to are limited. This is due to type transitions between
multiple magnetic phases, that is, not "true" gCRMs, and lack of comparable measurements, for example, SIRM
or TRM intensity (e.g., Nguyen & Pechersky, 1987; Pick & Tauxe, 1991). To compare with suitable experimental
data (i.e., Hoye & Evans, 1975; Stokking & Tauxe, 1990; Ozdemir & Dunlop, 1993), we consider gCRM/SIRM,
gCRM(T)/SIRM and gCRM/TRM ratios. Ozdemir and Dunlop (1993) measured gCRM(250°C)/SIRM = 0.07
for gCRMs acquired when paramagnetic lepidocrocite alters to maghemite. We modeled assemblages of maghe-
mite particles with a Curie temperature of 645°C (Ozdemir & Banerjee, 1984) and a saturation magnetization of
380 kA/m, and found gCRM(250°C)/SIRM ratios of 0.087 for PN2 and 0.077 for PW2. Our modeled ratios are
higher, which is likely due to uncertainties in the input Preisach distribution which was not measured by Ozdemir
and Dunlop (1993).

Our model predicted gCRM/TRM ratios in the range 0.28—1.2 for various grain distributions, acquisition times
(1,000 s —10,000 years) and temperatures (27°C-527°C). gCRM(527°C)/TRM ratios of 0.85 and 0.89 for PN2
and PW2 were calculated from the Aria plots and a maximum gCRM/TRM of 1.2 was found for gCRMs acquired
over 10,000 years relative to TRMs acquired on laboratory timescales (Figures 4, 5 and 10). A large variation in
gCRM/TRM ratios has also been reported experimentally: Stokking and Tauxe (1990) found gCRM/TRM = 0.15
acquired in hematite at 97°C, whereas Hoye and Evans (1975) measured gCRM/TRM = 0.6 for magnetite forma-
tion from oxidation of olivine at 500°C, by measuring anhysteretic remanent magnetzation (ARM) and using
TRM = 1.2ARM. Our model, by comparison, predicted gCRM(527°C)/TRM of 0.84 and 0.90 for PN2 and
PW2. Gendler et al. (2005) measured a gCRM(350°C)/TRM of 0.9 for maghemite formed from lepidocroc-
ite, we calculated gCRM(350°C)/TRMs of 0.65 and 1.08 for PN2 and PW2 using the maghemite parameters.
These experimental ratios are generally lower than our model predicts. This may be attributed to our Preisach
model modeling magnetite and maghemite particles using synthetic coercivity distributions or alteration during
gCRM or TRM acquisition in experimental studies. All previous theoretical gCRM studies have modeled lower
ratios than seen experimentally (McClelland, 1996; Shcherbakov et al., 1996), which could be caused by non-SD
behavior or the models not capturing the experimental cases accurately. In our case, we have estimated the input
Preisach distribution.

7.2. gCRM Contribution to Paleointensity Determination

A key aim of this study was to determine if gCRMs can be identified on Arai plots and whether their behavior
passes current acceptance criteria (Paterson et al., 2014). All the gCRM Arai plots were concave-up (Figure 7).
This concave-up shape is distinctive, but not unique to gCRMs as there are other mechanisms known to cause this
concave-up behavior, for example, multidomain (MD) grains (e.g., Levi, 1977), the aging of the samples between
TRM acquisition and measurement (Shaar & Tauxe, 2015), chemical alteration (Kosterov & Prévot, 1998) and
angular variations between acquisition and laboratory field (Xu & Dunlop, 2004). Another key distinguishing
feature is the pTRM checks plotting to the left of the Arai plot which are again non-unique to gCRMs (Riisager
& Riisager, 2001; Yu & Tauxe, 2006). gCRMs have positive pTRM-tail checks, but these become negative and
more TRM-like when the laboratory field direction is varied (Figure 8). A mixture of positive and negative
pTRM-tail checks are, however, not unique to gCRMs (Riisager & Riisager, 2001; Yu & Tauxe, 2006). This
combination of concave-up curvature, negative pTRM checks and non-zero pTRM tail checks lead to gCRM
Arai plots failing current acceptance criteria for strongly interacting distributions, but these features are less
pronounced for weakly interacting distributions and gCRMs can pass selection criteria leading to incorrect PI
estimates (Figure 7 and Table 1).

This gCRM Araiplot curvature is due to lower coercivity particles carrying the majority of the gCRM, which
is lost at low temperatures during simulated heating. In contrast, the majority of the new pTRM is recorded by
higher coercivity particles and acquired at higher temperatures, that is, the gCRM is easily demagnetized at low
temperatures, but the pTRM is not acquired until higher temperatures. Increasing magnetostatic interactions
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increases this curvature by shifting the gCRM unblocking spectra to lower temperatures and the pTRM blocking
spectra to higher temperatures (Figures 6 and 7).

Compared to the gCRM Arai plots, the pure TRM Arai plots have substantially lower concave-up curvature
(Figure 7). At low temperatures, pTRM acquired is slightly less than TRM lost, which produces the concave-up
curvature. Magnetostatic interactions are greater at lower temperatures. As a result, during intermediate heating
steps, interacting particles unblock at lower temperatures than when they initially acquired their TRM and expe-
rience higher interactions during pTRM acquisition. This leads to reduced pTRMs.

The concave-up curvature in our gCRM Arai plots was also previously reported for models of gCRMs carried
by non- and interacting systems (e.g., McClelland, 1996; Shcherbakov et al., 2017, 2021). The high-temperature
linear segments of our gCRM and gCRM(7) Arai plots underestimating the paleointensity is consistent with
results from Shcherbakov et al. (2017); Shcherbakov and Sycheva (2019). The increase in curvature with interac-
tions was not predicted by Shcherbakov and Sycheva (2019); they did not find any significant variations due to
increased interactions in their model.

This concave-up curvature is also observed in experimental gCRM Arai plots, although there are limited experi-
mental studies of Thellier-type methods on gCRMs because synthetic samples are often unstable during heating
(Pick & Tauxe, 1991). Studying hematite grown at 97°C, Stokking and Tauxe (1990) observed both near-linear
(k’ = —0.13) and concave-up (k’ = 1.04) Arai plots for different samples of synthetic hematite. In the latter,
the large curvature was attributed to alteration at temperatures >300°C. In agreement with other theoretical
publications (e.g., McClelland, 1996; Shcherbakov et al., 2017, 2021), we suggest this behavior is intrinsic to
gCRMs. Gendler et al. (2005) observed a high degree of concave-up curvature (k' = 1.37) and pTRM checks
which plot at lower values for maghemite gCRMs formed by alteration of ferrihydrite at 350°C. This is more
curved than our model predicts for gCRMs in maghemite at 350°C, we found k’ = 0.43 for PN2 and 0.92 for
PW2. Gendler et al. (2005) suggested this high degree of curvature may be due to alteration of maghemite to
hematite during gCRM acquisition. Gendler et al. (2005) estimated that up to 20% of the maghemite may have
altered to hematite.

Despite the concave-up curvature, all our modeled gCRM Arai plots have two near-linear segments from which
paleointensity estimates could be made. These over- and under-estimate paleointensity at low and high temper-
atures. Current selection criteria, for example, modified-TTB successfully reject the low-temperature fits for all
Preisach distributions, but high-temperature fits for weakly interacting distributions pass and underestimate the
field by ~66% (Figure 7 and Table 1). The most important criteria for isolating gCRMs are based on pTRM
checks and pTRM-tail checks, but these do not reject all gCRM estimates. Evaluating the degree of curvature over
the whole temperature range where the primary magnetization is isolated can be used to detect gCRMs in all Prei-
sach distributions. This can be done by incorporating k’ < 0.27 into the selection criteria as none of the gCRM
Arai plots in this study passed this test; k’ is also used to detect MD grains (Paterson, 2011). However, the poten-
tial of the curvature parameter k’ to be of practical use in real samples is limited, as NRMs are usually partially
overprinted. To differentiate gCRMs from TRMs carried by MD grains, the Thellier protocol can be repeated for
a lab-induced TRM and if the curvature is not reproducible, the original magnetization is likely a gCRM.

7.3. Angular Dependence of TRM and Arai Plots

Varying the field angle between the initial TRM acquisition and simulated laboratory pTRM introduces curvature
into the TRM Arai plots, particularly for the strongly interacting case (Figures 8a—8c). Increasing the field angle
to 90° produces concave-down curvature at low temperatures and concave-up curvature at high temperatures.
Further increasing the field angle to 180° produces concave-down curvature over the whole temperature range.
PTRM checks plot to the left of the Arai plot and pTRM-tail checks become negative. This leads to failure of
the modified-TTB selection criteria, and no accepted estimates for interacting distributions when ¢, = 90° and
180°. The overestimation of the pTRM gained at lower temperatures for 90° and at all temperatures at 180° (F1
in Figure 8) is due to some particles only unblocking during in-field heating and becoming re-magnetized in a
different direction. The concave-up curvature seen at higher temperatures in the 90° case, is due to the angular
dependency of the thermal critical barriers. Particles with easy-axes close to 90° and 0° from the laboratory
field direction, experience lower energy barriers and unblock at lower temperatures. The majority of these parti-
cles are not closely aligned with the laboratory field direction and this reduces the pTRM gained.
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8. Conclusion

We modeled gCRM acquisition using a Preisach model for assemblages of interacting SD particles. We showed
¢CRM intensity is sensitive to magnetostatic interactions, coercivity distributions and acquisition conditions
(Figures 4, 5 and 10). Increasing interactions decreases gCRM intensity, in agreement with the literature
(Shcherbakov et al., 2017). gCRMs carried by lower coercivity distributions, acquired at higher temperatures or
over longer time scales all have stronger intensities. These factors all increase the blocking volume of a particle
during gCRM acquisition, which increases the probability of field alignment. By deriving and incorporating a
growth-rate dependent effective time into the model, we found gCRMs display a stronger dependency on growth
rate (Figure 4) (McClelland, 1996).

We show that gCRM s are approximately four times less sensitive to magnetostatic interactions than TRMs, because
particles block at ~4% of their terminal volume during gCRM acquisition (Figure 5). gCRMs have a lower ther-
mal stability than TRMs (Figure 6) because the majority of a gCRM is carried by lower coercivity particles which
unblock at lower temperatures. These differences in gCRM and TRM behavior produce concave-up gCRM Arai
plots for all Preisach distributions (Figure 7), consistent with previous theoretical models (McClelland, 1996;
Shcherbakov et al., 2017) and some experimental studies (Gendler et al., 2005; Stokking & Tauxe, 1990). This
is the first study to incorporate pTRM checks and pTRM-tail checks into modeling paleointensity determination
methods in gCRMs. We find gCRM Arai plots have pTRM checks which plot to the left of the Arai plot and
positive pTRM-tail checks which become negative when the angle between the TRM acquisition field and labo-
ratory field is increased (Figure 8). gCRM Arai plots have two near-linear segments with the potential to make PI
estimations from. For strongly interacting distributions all fits fail current selection criteria, however, for weakly
interacting distributions acceptable fits occur at high temperatures and underestimate the field by up to 66%.
Including the degree of curvature over the whole temperature range where the primary magnetization is isolated
and rejecting Arai plots where k’ > 0.27 detects gCRMs for all Preisach distributions and prevents incorrect Pls
from gCRMs. Though the parameter k” has limitations when working with multi-component NRMs.

Data Availability Statement

The Preisach gCRM Python model developed and used here is available for download from Zenodo (https://
doi.org/10.5281/zenodo.7428933), which links to Github where any updates will be placed (https://github.com/
EvieBaker/Preisach_gCRM_model).
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